A mussel-inspired adhesive based on a polyvinylpyrrolidone (PVP) backbone shows a much higher bonding strength under underwater/seawater conditions than under dry conditions. We reasoned that besides catechol moieties, the structure and properties of the backbone also play an important role in the realization of strong underwater bonding.
A mussel-inspired adhesive with stronger bonding strength under underwater conditions than under dry conditions † Ailei Li, ab Youbing Mu,* a Wei Jiang c and Xiaobo Wan* a A mussel-inspired adhesive based on a polyvinylpyrrolidone (PVP) backbone shows a much higher bonding strength under underwater/seawater conditions than under dry conditions. We reasoned that besides catechol moieties, the structure and properties of the backbone also play an important role in the realization of strong underwater bonding.
The strong underwater adhesion ability of mussels has attracted tremendous research interest to create biomimetic glues that can perform well under humid conditions or more extremely, underwater conditions. 1 Although the real mechanism for mussel byssal adhesion is still not clear, it is generally accepted that one of the most important moieties in the glue protein secreted by mussels is the dihydroxyphenylalanine (DOPA) residue, which undergoes both covalent cross-linking and metal ion complexation and accounts for the strong underwater adhesion. 2 Inspired by these facts, various polymers bearing catechol sidechains have been designed and synthesized to mimic the strong underwater adhesion properties of mussels. 1a-e,g,3 Good to excellent bonding strength has been achieved when these biomimetic glues were obtained under dry conditions. However, the underwater bonding strength of these biomimetic adhesives is much weaker. For example, poly(3,4-dihydroxylstyrene-co-styrene) exhibits a recordhigh bonding strength up to 11.0 MPa on dry surfaces, 3a while a terpolymer adhesive based on a similar backbone only exhibited an underwater bonding strength around 0.3 MPa. 1e The musselinspired adhesive based on a polyoxetane backbone reported previously by our group showed high bonding strength under dry conditions, 4 however, it failed to bind under the same underwater conditions. Therefore, to realize strong underwater bonding is still challenging to date. It seems that the catechol moiety is not the only factor that governs the underwater bonding performance. Here some questions rise: what kind of role does the protein backbone in the mussel byssal protein play in underwater bonding? What kind of inspiration could we get from the byssal protein backbone in the design of non-protein based mussel-inspired adhesives? Actually, even without catechol moieties, many proteins show some degree of glutinosity. For example, soybean protein has been used as a bio-mass based adhesive. 5 We postulate that the amide bonds together with other functionalities in the proteins might provide an initial driving force for mussel byssal proteins to form strong interaction with the rocky surfaces. During our continuous efforts to prepare adhesives that mimic mussel proteins, 1h,4 we realized that PVP might be a good candidate as the backbone for biomimetic glues, given that PVP itself is glutinous and shows certain similarity in structure to peptides (both containing amide bonds). Herein we would like to report a strong mussel-inspired adhesive that is based on a PVP backbone, the bonding strength of which under underwater conditions is higher than that under dry conditions, which was not reported before. The synthesis of this biomimetic adhesive based on the PVP backbone is quite straightforward, as shown in Scheme 1. Poly-(N-vinyl-2-prolidone-co-3-trimethylsiyl-propargyl-N-vinyl-2-prolidone) (copolymer 1, P(VP-co-TMSPG-VP)) was synthesized according to the reported procedure, and the molecular weight of the copolymer could be adjusted by controlling the initiator/monomer ratio. 6 Copolymers synthesized at three different feeding ratios (10, 20, 30 mol% of TMSPG-VP) are listed in Table 1 . Since the average content of DOPA residues in mussel byssal proteins is around 20 mol%, 7 copolymers with different molecular weights ranging from 3 kDa to 15 kDa but with the fixed feeding ratio at 20 mol% TMSPG-VP were synthesized to systematically investigate the influence of the molecular weight on the adhesive properties. Copolymer 1 was characterized using 1 H NMR and size-exclusive chromatography (ESI †). The incorporation ratio of TMSPG-VP, which was determined by 1 H NMR analysis, was close to the feeding ratio, as indicated in Table 1 . The trimethylsilyl group (TMS) was then removed and the resultant polymer was then grafted with tertbutyl-dimethyl-silanyl group (TBS) protected 4-(azidomethyl)-benzene-1,2-diol 2 via Cu(I)-catalyzed alkyne-azide cycloaddition click chemistry to give copolymer 3. 4 The removal of the TBS protecting group from copolymer 3 afforded the final catecholgrafted copolymer 4. Since both copolymers 3 and 4 are not soluble in THF, the molecular weight of copolymer 4 was calculated from that of copolymer 1 and is listed in Table 1 , assuming that deprotection was completed and the grafting ratio determined from the 1 H NMR integration analysis would not lead to an obvious deviation of the calculated results from the real ones (see ESI †). The obtained copolymer 4 was not soluble in water, but showed acceptable solubility in mixed CH 2 Cl 2 and MeOH (V/V = 1/1). It is worthwhile to point out that the solubility of copolymer 4 decreases with the increase of the catechol content. For example, if the initial feeding ratio of TMSPG-VP was 10 mol%, the obtained final copolymer showed the best solubility of 0.30 g mL À1 in CH 2 Cl 2 /MeOH. This number dropped to 0.02 g mL À1 when the feeding ratio increased to 30 mol%. When the feeding ratio further increased to 40 mol% (data not shown), the final copolymer became insoluble in most organic solvents. This is also a reason why we did not synthesize and test the adhesion performance of the copolymer with a catechol content more than 30 mol%. With the copolymer 4 in hand, we tested their adhesion properties under both dry conditions and underwater conditions. Both tests were conducted at room temperature. The procedure for adhesion tests under dry conditions was similar to the reported one (see ESI †).
1b For adhesion tests under underwater conditions, due to the low viscosity of the copolymer solution, the exact underwater condition was not applicable. Instead, the adherends were pre-wetted first, and the adhesive and FeCl 3 solution were applied to the surface while it was still wet. The two adherends were then fixed using a clip, and immediately immersed into water or seawater and soaked for 24 h before test, as shown in Fig. 1 . For constancy, the amount of the adhesive was fixed at 1.5 mg cm À2 in all cases. Glass was chosen as the major substrate for tests due to its relatively smooth surface.
In our preliminary studies, we found that copolymer 4 exhibited a high bonding strength under underwater conditions, as shown in Fig. 2 . Even without FeCl 3 as the cross-linker, copolymer 4 (16 mol% catechol, M n = 10 551 Da) showed an average bonding strength around 0.74 MPa. With the addition of FeCl 3 , the bonding strength increased and reached a maximum bonding strength at 1.63 MPa (average 1.33 MPa) when the molar ratio of FeCl 3 to catechol reached 1 : 1. A further increase of the amount of the cross-linker caused a decrease of the bonding strength. So the optimal molar ratio of FeCl 3 to catechol was set at 1 : 1 in all the other tests.
More surprisingly, we found that regardless of the molecular weight, the bonding strength of copolymer 4 under underwater conditions was higher than that under dry conditions, and further improved under under-seawater conditions. The bonding strength of copolymer 4 obtained from the initial feeding ratio of 20 mol% TMSPG-VP with different molecular weights were compared, as shown in Fig. 3 . In all cases, a substantial increase a The calculations were conducted according to eqn (S1) in the ESI. was observed when the bonding experiments were carried out under underwater conditions. For example, copolymer 4 with molecular weight 3432 Da showed an average bonding strength of 0.56 MPa under dry conditions, which increased to 1.09 MPa under underwater conditions, and further increased to 1.13 MPa under under-seawater conditions. Furthermore, the bonding strength increased with the increase of the molecular weight at the beginning and reached the maximum (1.33 MPa) when M n is around 10 kDa. When M n was further increased to 17 kDa, the bonding strength decreased to 0.82 MPa, and the enhancement caused by seawater almost diminished. The influence of the molecular weight of the adhesive on the adhesion performance is consistent with the bridging and nonbridging adhesive mode.
2h,i
The influence of the catechol content on the bonding strength was also investigated and the results are shown in Fig. 4 . Three copolymers with similar molecular weight (ranging from 10 kDa to 15 kDa) but different catechol content (9.0 mol%, 16.0 mol% and 23.5 mol%) were compared. All copolymers showed similar average bonding strength under dry conditions (ranging from 0.66 MPa to 0.73 Ma), and all showed better underwater/seawater adhesion performance. For copolymers containing 9.0 mol% catechol, the average underwater boding strength (0.72 MPa) was slightly better than that under dry conditions (0.66 MPa), while the average under-seawater bonding strength was much higher (1.30 MPa). When the catechol content increased to 16.0 mol%, a more obvious increase of the average underwater bonding strength (to 1.33 MPa) was observed, and the influence of seawater became smaller. With the further increase of the catechol content to 23.5 mol%, the average underwater bonding strength dropped to 0.89 MPa, and that under-seawater dropped to 1.18 MPa. Given that the loading amount of adhesive is low (1.5 mg cm À2 ), such strong adhesion is amazing. For comparison, the best underwater adhesion on an aluminium substrate reported before (0.4 AE 0.2 MPa) of an adhesive based on polystyrene backbone was achieved at a loading amount of 4.32 mg cm À2 . 1e Overall, the copolymer containing 16.0 mol% catechol showed the best underwater bonding strength. This might result from the balance between the cohesion and adhesion, just as many other reported mussel-inspired adhesives.
1d,h,4 Fig. S1 (in ESI †) shows the samples before and after the experiment, as we can see from it, there is obvious discoloration of the adhesive before and after the test. As shown in the second picture in Fig. S1 (ESI †), failure of adhesion mainly occurred in the two interfaces, namely failure of cohesion. We also tested the performance of this PVP-based adhesive (16.5 mol% catechol) on other substrates such as stainless steel. A similar trend was observed: under dry conditions, a rather low bonding strength (0.09 MPa) was observed, which was improved to 0.26 MPa under underwater conditions, and further improved to 0.40 MPa under under-seawater conditions (see Fig. S2 , ESI †).
The better underwater bonding strength over dry conditions was interesting, since in many other cases, mussel-inspired adhesives generally showed much stronger bonding strength under dry conditions compared with that under underwater conditions.
1b,e It is worthwhile to point out that the design of mussel-inspired adhesives mainly focused on the attachment of catechols onto biocompatible polymer backbones, such as chitosan, 1f poly(ethylene glycol), 1c,8 poly(amino esters) etc., 1g little attention was paid to the physical properties of the polymer backbone itself. Although theoretical calculation indicated that catechol molecules could bind directly to the surface and pushed water molecules aside to achieve the lowest energy configuration, this analysis is limited at the single catechol molecule level and could not be simply deduced to polymeric systems. 2e If so, all polymers bearing catechol moieties should show good to excellent underwater bonding performance. Apparently, that is not the case. We considered that in polymers, things are more complicated and more factors such as the interaction of the polymer backbone with the wet surface should be taken into account. For example, if the polymer backbone is hydrophobic (such as polystyrene or polyoxetane), it tends to stay away from the hydrophilic surface, which will diminish the binding effect of catechol moieties. We speculated that besides catechol moieties, the PVP backbone also played a very important role for strong underwater bonding in our case. As depicted in Fig. 5 , the hydroxyl groups at the activated glass surface could act as the H-bond donor (Fig. 5a) , while the amide bonds in PVP act as the H-bond acceptor, which could form strong H-bonding with the glass surface (Fig. 5b) . Such interaction works together with the interaction between catechol moieties and the surface to repel water molecules out from the surface, and offers the initial adhesion of the polymer to the wet surface. Furthermore, once the two surfaces applied with copolymer 4 and FeCl 3 were bound together and immersed into water, water molecules could slowly diffuse into the bulk copolymer due to the compatibility of water molecules with the PVP backbone, which facilitates the diffusion of Fe 3+ ions inside the polymer to promote more homogenous cross-linking and complexation (Fig. 5c ). This could be considered as a ''water-promoted curing process''. If it is under dry conditions, the diffusion rate of Fe 3+ ions will be quite limited, which results in less effective crosslinking and complexation. This explains why the underwater bonding strength of copolymer 4 is stronger than that under dry conditions. Moreover, if this process occurs in seawater, the ions in seawater could also diffuse into the bulk copolymer and coordinate with catechol moieties which further enhance the bonding strength. It should be pointed out the balance between hydrophilicity of the polymer backbone and the insolubility of the polymer in water is also very important: unmodified PVP showed high bonding strength up to several MPa under dry conditions but lost its glutinosity when the same underwater test conditions were applied, since PVP is soluble in water.
PVP quaternized with catechol moieties 9 also failed in underwater adhesive tests (performed in our laboratory) since it is soluble in water. In summary, a mussel-inspired adhesive based on a PVP backbone was synthesized and its adhesive properties both under dry and underwater conditions were investigated. The most striking result is that this specific biomimetic adhesive shows a much higher bonding strength under underwater/ seawater conditions than under dry conditions. We believe there is still room to improve the underwater bonding performance, for example, the optimal catechol/FeCl 3 ratio might vary against molecular weight and catechol content and could be further adjusted, which will be subjected to investigation in the future. We reasoned that besides catechol moieties, the structure and properties of the backbone also played an important role in the realization of strong underwater bonding, which was overlooked in the design of other artificial mussel-inspired adhesives before. The introduction of a catechol moiety and the engineering of the polymer backbone should be both taken into consideration for the next generation of mussel-inspired adhesives that will show strong underwater bonding performance.
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